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This article provides evidence that selection has been a signiﬁcant force during the evolution of the human mito-
chondrial genome. Both gene-by-gene and whole-genome approaches were used here to assess selection in the 560
mitochondrial DNA (mtDNA) coding-region sequences that were used previously for reduced-median-network analy-
sis. The results of the present analyses were complex, in that the action of selection was not indicated by all tests,
but this is not surprising, in view of the characteristics and limitations of the different analytical methods. Despite
these limitations, there is evidence for both gene-speciﬁc and lineage-speciﬁc variation in selection. Whole-genome
sliding-window approaches indicated a lack of selection in large-scale segments of the coding region. In other tests,
we analyzed the ratio of nonsynonymous-to-synonymous substitutions in the 13 protein-encoding mtDNA genes.
The most straightforward interpretation of those results is that negative selection has acted on the mtDNA during
evolution. Single-gene analyses indicated signiﬁcant departures from neutrality in the CO1, ND4, and ND6 genes,
although the data also suggested the possible operation of positive selection on the AT6 gene. Finally, our results
and those of other investigators do not support a simple model in which climatic adaptation has been a major force
during human mtDNA evolution.
Introduction
The mitochondrial genome has been the most widely used
system for the investigation of the evolutionary history of
our species. It has been the system of choice because of
its high rate of sequence divergence and its uniparental,
maternal inheritance. As a result of the former, there is a
high level of “signal” for analysis, whereas the latter
property allows evolutionary histories to be recon-
structed without the complexities imposed by recombi-
nation of paternal and maternal genomes.
Previous studies have shown that the evolution of hu-
manmtDNA is characterized by the emergence of distinct
lineages or haplogroups among the three major ethnic
groups (Torroni and Wallace 1994; Macaulay et al.
1999; Finnila¨ et al. 2001; Herrnstadt et al. 2002).
These mtDNA haplogroups have been used to trace the
evolutionary roots of modern humans and their early
population dispersals. However, those conclusions were
based on simple models of evolution, including the as-
sumption that the divergence of human mtDNA obeyed
a molecular clock, that selection had been negligible, and
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that the striking differences in the worldwide distribution
of mtDNA haplogroups reﬂected founder events. In re-
cent years, there has been increasing evidence that these
simple models of mtDNA evolution are inadequate and
that selection has played a role in shaping the evolution
of the mitochondrial genome (reviewed by Gerber et al.
[2001]), including human mtDNA (Hasegawa et al.
1998; Nachman 1998; Wise et al. 1998; Torroni et al.
2001b; Moilanen and Majamaa 2003; Moilanen et al.
2003).
If a neutral model of evolution does not apply to hu-
man mtDNA sequences, then our picture of human evo-
lution and population dispersal will have to be re-evalu-
ated with a more appropriate nonneutral model. There
is broad agreement that modern humans originated in
Africa and that they emerged from there to populate the
rest of the world. This model is supported not only by
mtDNA analyses, but also by studies of Y-chromosome
and nuclear microsatellite data (reviewed by Excofﬁer
[2002]). However, if selection has been operating, then
the previous estimates of the rate of mtDNA evolution
are called into question, as are the dates for various popu-
lation events (e.g., Hasegawa et al. [1998]). There are
ample reasons to be cautious about “one size ﬁts all”
mtDNA divergence rates (Howell et al. [2003] and ref-
erences therein). The issue of selection versus neutral evo-
lution is not a springboard for challenging or overturning
previous mtDNA analyses on a wholesale basis. Rather,
the point is that, pending the development and applica-
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tion of more realistic models of mtDNA evolution, the
uncertainty of dating is increased.
Previous analyses of selection in human mtDNA have
often focused on a single protein-encodingmitochondrial
gene, and they have relied on methods, such as theMac-
Donald-Kreitman test, that compare intraspecies and in-
terspecies variation (reviewed by Kreitman [2000] and
Gerber et al. [2001]). It has been observed in several such
studies—and in several different species—that there is an
excess of nonsynonymous mtDNA polymorphisms rela-
tive to ﬁxed sequence changes, a result that supports the
mildly deleterious model of evolution (e.g., Nachman et
al. 1996, 1998; Rand and Kann 1996; Hasegawa et al.
1998). Other analytical approaches have also provided
evidence for the action of selection on mtDNA (Temple-
ton 1996; Wise et al. 1998). Mishmar et al. (2003) re-
cently obtained evidence for selection using a gene-by-
gene approach, and these investigators concluded that
climate adaptations were a major evolutionary driving
force.
In addition to gene-by-gene analysis, there are also
whole-genome sliding-window approaches, although
these are just now being applied to human mtDNA se-
quences. Ballard (2000a, 2000b) used both types of ap-
proaches in his analysis of 22 completeDrosophilamito-
chondrial genomes. He showed that DrosophilamtDNA
evolution was not compatible with the neutral model,
and he was able to discern lineage-speciﬁc selection in
the patterns of synonymous and nonsynonymous poly-
morphisms. We report here our tests of human mtDNA
evolution with a set of 560 coding-region sequences that
were used elsewhere for phylogenetic analyses (Herrn-
stadt et al. 2002). Both gene-by-gene and whole-genome
approaches were used to broaden the analysis.
Material and Methods
mtDNA Sequences and Population Sampling
We have assembled and analyzed complete mtDNA
coding-region sequences for 560 maternally unrelated
individuals of European, African, and Asian descent. In
these analyses, the coding region spans nucleotide po-
sitions (nts) 577–16023, and it includes a small number
of intergenic noncoding nucleotides. The 560 mtDNA
coding-region sequences used in this analysis are pub-
lished on the MitoKor Web site (Herrnstadt et al. 2002),
and these sequences have recently been corrected for er-
rors (Herrnstadt et al. 2003).
These 560 mtDNA sequences include 435 that belong
to European haplogroups, 69 that belong to Asian/Na-
tive American haplogroups, and 56 that belong to African
haplogroups. It should be noted that, since the article by
Herrnstadt et al. (2002), there have been some recom-
mended changes to haplogroup nomenclature. What was
termed “haplogroup L1” in that publication refers to a
paraphyletic group of mtDNA sequences. L1a sequences
have been suggested to be members of the “root” clade
of modern humans, and they are now termed “L0a” (e.g.,
Mishmar et al. [2003]). The sequences analyzedL0 L1
here include representatives from clade L0a and fromhap-
logroups L1b and L1c. We have “lumped” these clades
together here in order to analyze the largest number of
sequences. It should also be noted that the haplogroup
L3 sequences refer here more narrowly to the sub-Sa-
haran branches (in the broadest deﬁnition, haplogroup
L3 would include sequences from superclades M and N).
What was originally termed “haplogroup K” is now rec-
ognized to be a branch of haplogroup U, and haplogroup
U—as used here—includes both U and K sequences.
Finally, it appears that our haplogroup I mtDNA se-
quences (Herrnstadt et al. 2002) may be more appro-
priately assigned to superclade N1.
The 560 mtDNA sequences were obtained from in-
dividuals who live or lived in the United States or in the
United Kingdom (Herrnstadt et al. 2002), so the ques-
tion of population sampling arises. All of the mtDNA
haplogroups are geographically widespread. The earlier
studies concluded that mtDNAs that belonged to Euro-
pean haplogroups showed little, if any, geographical struc-
turing. As more analyses have accumulated, however, it
now appears that some structuring does occur (Richards
et al. 2002), although these haplogroups are found, with
rare exception, in populations throughout Europe and
the Near East. In a similar fashion, the African andAsian
haplogroups show continental, widespread distributions
(e.g., Salas et al. [2002]). The balance between random
genetic drift and selection is a function of population
size, with the former making a relatively greater con-
tribution in small populations. On the basis of the avail-
able information, there is no evidence that our sampling
scheme is biased and that therefore we are detecting the
effects of drift rather than selection.
Analysis of Synonymous and Nonsynonymous
Substitutions
For some tests of neutrality, we compared the numbers
of synonymous (S) and nonsynonymous (A) substitutions
for one group of sites or sequences with those of a second
group. In these tests, we used a “simple counts” approach
to derive the numbers of substitutions. To maintain con-
sistency among the different tests and to avoid anyweight-
ing of different substitutions, a substitution was counted
only once for each continental group of sequences (Euro-
pean, Asian/Native American, and African). That is, even
when a substitution has arisen multiple times indepen-
dently (homoplasy) within, for example, European se-
quences, it is still counted as a single substitution. For
example, a substitution at nt 5046 has arisen in both
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African and European sequences, and it is counted as a
change in both sequence sets. In contrast, a substitution
at nt 13393 has arisen in both European haplogroups J
and U, but it is counted as a single change in our analyses.
This approach will be biased conservatively in the case
of negative selection, because it will tend to more severely
underestimate the occurrences of synonymous substitu-
tions. For example, in table 1 of Herrnstadt et al. (2002),
there are 147 substitutions that map to protein-encoding
genes and that occur in multiple haplogroups. Taking
these substitutions as an estimator of homoplasy, only 50
(34%) of those sequence changes are nonsynonymous.
That is, homoplastic substitutions tend to be synonymous
(see alsoMoilanen andMajamaa [2003]). Conversely, our
approach will tend to inﬂate or overestimate the numbers
of nonsynonymous substitutions, a point that will be ad-
dressed in the relevant portion of the “Results” section.
Whole-Genome Analysis of mtDNA Sequences
Investigations into whether there is regional variation
within the human mtDNA genome—in terms of a global,
uniform model of neutral evolution in all regions of the
mitochondrial genome—were performed using PLATO
(Partial Likelihoods Assessed through Optimisation), ver-
sion 2.11, as described elsewhere (Grassly and Holmes
1997). PLATO uses a likelihood approach with sliding-
window analysis to detect anomalously evolving regions
in DNA sequences, where such regions are most likely
created by selection.
The PLATO program requires a sequence alignment,
as well as a phylogenetic tree. For the analyses reported
here, the HKY model of sequence evolution was used.
PLATO calculates the independent likelihoods at each
site within a window, as well as a measure of the average
likelihood with respect to the window. Windows with
likelihood values that fall below certain values are cor-
related with the poorest ﬁt to the global model derived
from the whole sequence. The statistical signiﬁcance of
regions of low likelihood are then determined using a
Monte Carlo simulation-based method in which the re-
gions are assigned a Z value that indicates how far the
likelihood is from the expected value, under the global
model. PLATO also performs a Bonferroni correction to
adjust the signiﬁcance level to account for multiple com-
parisons, because the program tests all possible window
sizes from the assigned minimum window size (10 bp)
to half the sequence length (Grassly and Holmes 1997).
Owing to the computational intensity of maximum like-
lihood methods, all tests here were run with mtDNA
sequences broken down into four overlapping segments
that spanned nts 577–4877, 4327–8577, 8077–12327,
and 11827–16077. That is, our approach tested for se-
lection in 4-kb-sequence blocks in an effort to reduce
the “noise” that is likely to arise from analysis of smaller
segments of the mitochondrial genome. As a result, the
maximum number of sequences that could be analyzed
in a single test was four.
Results
Whole–Mitochondrial Genome Analysis/
Sliding-Window Tests
Previous tests of the effects of selection during human
mtDNA evolution have generally involved a single gene.
Our initial approach was to use a whole-genome sliding-
window analysis (as implemented in PLATO), both to
detect overall violations of neutrality and then to deter-
mine if any such violations were region speciﬁc. Sliding-
window analysis makes use of windows of varying sizes
(regions of an mtDNA alignment) to discern mtDNA re-
gions that do not ﬁt with a global (null) phylogenetic
hypothesis that is calculated a priori from the data. Be-
cause of computational limits, our sliding-window tests
were performed with small sets of human mtDNA se-
quences drawn from the total database of 560 coding-
region sequences.
The ﬁrst such tests were performed with African
mtDNA coding-region sequences, because they are the
most divergent and should thus have the highest signal.
One test involved sequences from “root” clade L0a (149),
haplogroup L1c (173 and 207), and haplogroup L1b
(514). (The numbers in parentheses refer to the individual
sequence numbers reported elsewhere [Herrnstadt et al.
2002]). This test failed to indicate any signiﬁcant depar-
tures from neutrality within any of the fourmitochondrial
coding-region segments. We next tested haplogroup L2
sequences, because of the previous report of departure
from a molecular clock in the haplogroup (Torroni et al.
2001b). A sliding-window analysis of haplogroup L2 se-
quences was performed only with haplogroups L2d (153),
L2b (175), and L2a (401 and 142). Haplogroup L3 se-
quences were also tested on a group basis, because this
haplogroup gave rise to Asian and European mtDNAs.
The sequences used in this test included haplogroups L3b
(164), L3d (140), and L3e (216 and 180). Another test
included coding-region sequences from haplogroups L3b
(164 and 309), L3d (381), and L3e (216). Finally, we
tested for neutrality in a more diverged set of African
mtDNAs that comprised sequences from clade L0a (149)
and from haplogroups L1b (158), L2a (142), and L3e
(180). In all of these tests, there were no coding-region
segments in which departure from neutrality could be
detected.
Additional sliding-window tests were then performed
to compare mtDNA coding-region sequences from dif-
ferent ethnic groups. Thus, we analyzed sequences from
clade L0a (149) and haplogroups L3e (216) and H (100
and 526) to investigate haplogroup H, which is the most
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Table 1
Analysis of Nonsynonymous (A) and Synonymous (S) Haplogroup-
Associated and Private Polymorphisms
MTDNA
GENE
NO. OF
HAPLOGROUP-
ASSOCIATED
SUBSTITUTIONS
NO. OF
PRIVATE
SUBSTITUTIONS
Pa NIbA S A/S A S A/S
ND1 9 26 .35 23 40 .58 NS 1.66
ND2 12 31 .39 15 44 .34 NS .88
CO1 3 54 .06 28 49 .57 !.0001 10.29
CO2 4 13 .31 10 29 .35 NS 1.12
AT8 3 5 .60 13 12 1.08 NS 1.81
AT6 14 17 .82 34 21 1.62 NS 1.97
CO3 3 17 .18 18 33 .55 ∼.05 3.09
ND3 3 9 .33 3 20 .15 NS 0.45
ND4L 1 8 .13 5 8 .63 NS 5.00
ND4 2 41 .05 25 53 .47 !.0004 9.67
ND5 18 51 .35 33 88 .38 NS 1.06
ND6 3 22 .14 17 21 .81 !.0116 5.94
CYb 14 36 .39 33 55 .60 NS 1.54
Total 89 330 .27 257 473 .54 K.0001 2.02
NOTE.—Both types of polymorphisms are described in greater detail
in the “Methods” section (see also Herrnstadt et al. [2002]).
a P values were determined with Fisher’s exact test. “NS” indicates
that the difference between the Ka/Ks ratios was not statistically sig-
niﬁcant ( ).P 1 .05
b We calculated an intraspecies neutrality index (NI) that is based on
the interspecies index developed and used by Rand and Kann (1996).
NI is a ratio of ratios and is calculated as (A-private/A-haplo)/(S-private/
S-haplo). The value will be 1.0 under strict neutrality.
prevalent European mtDNA haplogroup and which sam-
ples a population that has undergone a relatively recent
population expansion. Another test involved sequences
from haplogroups L1b (514), B (205), and K (416 and
223). Haplogroup K is a subclade of European haplo-
group U. A test of sequences from haplogroups L1c (194),
J (243 and 370), and K (474) was performed to investi-
gate evolution in other major European haplogroups. The
ﬁnal test involved sequences from clade L0a (149), B (179
and 205), and H (100), which involves sequences from
all three major ethnic groups (African, Asian, and Euro-
pean, respectively). Again, none of these tests showed any
regions of the mitochondrial genome that departed from
a neutral model of evolution.
Gene-by-Gene Analysis of Synonymous
and Nonsynonymous Substitutions in Protein-Encoding
mtDNA Genes
To investigate the substitution rates in each protein en-
coded by the human mtDNA and to assess the role of
selection, the numbers of synonymous (S) and nonsynony-
mous (A) substitutions in the 13 protein-encoding genes
were investigated. In the ﬁrst analyses, the substitutions
were stratiﬁed into two classes on the basis of our reduced-
median-network analyses (Herrnstadt et al. [2002]; other
examples of phylogenetically stratiﬁed contingency analy-
ses can be found in articles by Templeton [1996] andWise
et al. [1998]). The ﬁrst class includes thosepolymorphisms
that we designate as “haplogroup associated” and that
are deﬁned operationally as “those that occur at an inter-
nal node within a network.” In practical terms, each of
these substitutions deﬁnes a subclade of at least two
mtDNA sequences, although some of these substitutions
occurred in the ancestor of the entire haplogroup (see
further discussion in the article by Herrnstadt et al.
[2002]). It should also be noted that this group includes
haplogroup-associated substitutions that are homoplas-
tic and that have also arisen independently in other
mtDNA haplogroups. Among the haplogroup-associated
substitutions, there was a total of 89 nonsynonymous and
330 synonymous polymorphisms, thus yielding an A/S
ratio of 0.27 (table 1).
The second class comprises “private polymorphisms,”
or those changes that occur at the tips of individual
branches within a network or phylogenetic tree. Under
the operational deﬁnition that is the basis of our conserva-
tive approach, the vast majority of these substitutions
occur in only one of the 560 mtDNA sequences, although
some were homoplastic private polymorphisms that oc-
curred independently in two or more haplogroups. There
was a total of 257 nonsynonymous private polymor-
phisms and 473 synonymous ones (table 1), giving an
A/S ratio of 0.54. The difference in A/S ratios between
the two classes is highly signiﬁcant ( withP K .0001
Fisher’s exact test) (table 1). In addition, the calculated
neutrality index (NI) (see footnote “b” of table 1; also
see Rand and Kann [1996]) was 2.02. The difference be-
tween the two groups of substitutions is time depth, or
evolutionary age. The private substitutions are younger,
in terms of evolutionary age, and they will have been
exposed to selection for a relatively short period of evo-
lutionary time. The haplogroup-associated substitutions
will vary in their ages, with some being very old, in terms
of human evolution, and others being much more recent.
We also note that the private polymorphisms are deﬁned
operationally and that, with a larger set of sequences,
some of these substitutions might be found to be haplo-
group associated. Nevertheless, the point is that “older”
sequence changes in the human mtDNA-coding region
have relatively fewer nonsynonymous substitutions than
a set of “younger” sequence changes, even when adjusted
for the numbers of synonymous substitutions. This rela-
tive “loss” of nonsynonymous substitutions during evo-
lution suggests that the humanmtDNAhas been subjected
to negative selection or to a relatively recent relaxation
of selective constraints.
Evidence for negative selection was also obtained when
the sequences were stratiﬁed in a different way. There is
a broad consensus that modern humans originated in Af-
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rica and then spread to Asia and Europe. Under this
model, therefore, Asian and European mtDNAs will be
younger, in evolutionary terms, than African mtDNAs.
The NI for the African superclade sequences is 4.75,
whereas the value for the European mtDNAs is 1.39. The
numbers of substitutions in the Asian mtDNAs are much
smaller, and the NI of 1.04 has a greater degree of un-
certainty than the other NI values. Again, the relatively
lower proportion of nonsynonymous substitutions in the
evolutionarily older African mtDNAs indicates that nega-
tive selection has acted on the human mitochondrial ge-
nome during evolution.
In these analyses, a “most conservative counts” ap-
proach has been used, in which a substitution is scored
as “private” once for each haplogroup, even if network
analyses indicate that the substitution has arisenmultiple
times within a haplogroup. We did estimate an A/S ratio
and found that it was not substantially changed when we
included such homoplastic private polymorphisms (data
not shown). Therefore, there is no evidence that our
approach is grossly biased, although this is an area that
would beneﬁt from further analysis with much larger
sequence sets.
We next considered the action of selection on indi-
vidual mitochondrial genes, and A/S ratios andNI values
were calculated on an individual basis for the 13 protein-
encoding mitochondrial genes (table 1). For 11 of the 13
genes, the A/S ratio was lower for the haplogroup-asso-
ciated polymorphisms than for the private polymor-
phisms, although only in the case of the CO1, ND4, and
ND6 genes was this result statistically signiﬁcant (see also
the results of Rand and Kann [1996] and Hasegawa et
al. [1998]). The ratio for the CO3 gene was of borderline
signiﬁcance. We note that the NI values for the ﬁrst two
genes were close to 10, results that indicate that negative
selection has been relatively strong. The most marked
exception to NI values 11.0 (and therefore suggestive
of negative selection) was the ND3 gene (table 1), but
the numbers of sequence changes were relatively low. Pre-
vious studies of the ND3 gene in sets of more highly
diverged mtDNA sequences have indicated the operation
of negative selection during evolution (Nachman et al.
1994; Hasegawa et al. 1998). The other noteworthy re-
sults were obtained for the AT6 gene, which had the larg-
est A/S ratio (table 1). As will be discussed in greater detail
below, the cumulative results suggest the action of positive
selection on this gene, despite the fact that the NI for this
gene is 11.0, a result that indicates negative selection.
Overall, the results shown in table 1 indicate that, in the
coding region of the mitochondrial genome, selection acts
to reduce the numbers of nonsynonymous changes, al-
though there appears to be variation in the strength of
selection on different genes.
As another test of selection, we compared the numbers
of observed substitutions relative to the number expected
(see ﬁg. 1 and the details in the legend). Neutral evolution
predicts that all genes should evolve at a relatively con-
stant rate (the molecular clock). Speciﬁcally, there should
not be any signiﬁcant discrepancies between the numbers
of observed and predicted substitutions, but this is not
the result that we obtained. For both haplogroup-asso-
ciated and private polymorphisms, the results for synony-
mous substitutions are broadly compatiblewith amolecu-
lar clock, the null hypothesis. That is, the number of
synonymous substitutions was proportional to the num-
ber of sites in the gene that could undergo such sequence
changes. At the same time, we note that the ﬁt to the
neutral model was of borderline statistical signiﬁcance,
especially for the private polymorphism class (see the simi-
lar results of Hasegawa et al. [1998]).
In contrast, the nonsynonymous changes showmarked
deviations from the neutral model for both classes of
polymorphisms ( ) (ﬁg. 1). For the haplogroup-P ! .001
associated polymorphisms, the mtDNA genes that ac-
counted for the greatest portion of this deviation were
CO1 and ND4, which had the largest deﬁciency of non-
synonymous changes (expected vs. observed), and the
AT6 gene, which had the largest excess. For the private
polymorphisms group, this deviation was due to both
anomalously large (ND2 and ND5) and small (AT6) ex-
pected-versus-observed ratios. We thus observed an “ex-
cess” of nonsynonymous substitutions for the AT6 gene
(ﬁg. 1) for both haplogroup-associated and private poly-
morphisms. These results are similar to those of Mish-
mar et al. (2003). This gene is one of the most conserved
when interspecies comparison are made, but they ob-
served that it had the highest level of nonsynonymous
substitutions on an intraspecies basis (see their ﬁg. 2).
These results suggest the occurrence of balancing or
positive selection during evolution of this gene, or—
alternatively—the relaxation of negative selection (see
below).
Tests for Climatic Adaptation
An obvious question that we asked, in view of the re-
cent report of Mishmar et al. (2003), was whether there
was any evidence in our coding-region sequences for cli-
matic adaptation. Those investigators analyzed a total of
104 complete mtDNA sequences that were distributed
among the major haplogroups. They assumed that Afri-
can populations represent peoples that evolved in a tropi-
cal or subtropical climate, whereas the climates were arc-
tic and subarctic for the Asian (Siberian)/NativeAmerican
populations andwere temperate for the Europeanpopula-
tions. They calculated Ka/Ks ratios in two different ways:
as and as with the Nei-Ka/Ks constant Ka/KsKa
Gojobori method (Rozas and Rozas 1999), which uses
pairwise comparison of sequences; they then compared
the ratios for the different “climate populations” with a
Figure 1 Plots of sequence changes/gene for haplogroup-associated (A) and private (B) polymorphisms. The plots contain the observednumber
of substitutions within each of the two major classes (the exact numbers are presented in table 1). The expected numbers of substitutions in each
class are based on the total number of changes in that class and the predicted number of sites in each gene (determined using the DnaSP program
[Rozas and Rozas 1999]). For the haplogroup-associated synonymous polymorphisms, a contingency test of the neutral expectation yielded a P
value 1.2 (12 df); thus, the data provide no evidence to reject the neutral model. These results indicate that there are no mutational hotspots for
synonymous substitutions in the coding region. In contrast, when the nonsynonymous changes were analyzed, there was a clear deviation from the
neutral expectation, and the contingency test yielded a P value !.001. For the private synonymous polymorphisms (B), a contingency test against
the neutral expectation yielded a P value 1.05 (12 df); thus, the neutral model holds. In contrast, when the data for the nonsynonymous changes
were analyzed, there was a clear deviation from the neutral expectation, and the contingency test yielded a P value !.001.
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Table 2
Comparisons of A/S Ratios among European, Asian, and African Sequence Sets
GENE
NO. OF
SUBSTITUTIONS
(A, S)a
Pb FOR
AFR VS. EUR
NO. OF
SUBSTITUTIONS
(A, S)a
Pb FOR
AFR VS. ASIA
NO. OF
SUBSTITUTIONS
(A, S)a
Pb FOR
ASIA VS. EURAFR EUR AFR ASIA ASIA EUR
ND1 4, 21 20, 34 .040 4, 21 8, 10 .083 8, 10 20, 34 .589
ND2 5, 24 23, 47 .145 5, 24 3, 14 1.000 3, 14 23, 47 .255
CO1 7, 30 25, 64 .370 7, 30 5, 18 1.000 5, 18 25, 64 .608
CO2 3, 11 8, 24 1.000 3, 11 8, 6 .120 8, 6 8, 24 .048
AT8 2, 6 10, 11 .408 2, 6 6, 2 .132 6, 2 10, 11 .238
AT6 7, 14 32, 22 .071 7, 14 12, 4 .005 12, 4 32, 22 .378
CO3 4, 18 23, 30 .063 4, 18 0, 12 .273 0, 12 23, 30 .005
ND3 2, 6 5, 19 1.000 2, 6 1, 4 1.000 1, 4 5, 19 1.000
ND4L 0, 6 5, 9 .260 0, 6 1, 2 .333 1, 2 5, 9 1.000
ND4 3, 31 19, 61 .074 3, 31 10, 15 .009 10, 15 19, 61 .129
ND5 8, 41 36, 95 .172 8, 41 10, 16 .047 10, 16 36, 95 .345
ND6 2, 15 13, 24 .106 2, 15 7, 4 .010 7, 4 13, 24 .162
CYb 7, 33 31, 51 .024 7, 33 12, 15 .026 12, 15 31, 51 .651
a mtDNA sequences are stratiﬁed by continent of origin (AFR p Africa; EUR p Europe; ASIA p Asia/Native
American). A p nonsynonymous substitutions; S p synonymous substitutions. Note that, in these analyses, haplo-
group-associated and private substitutions are pooled into a single number.
b P values were determined with Fisher’s exact test.
Wilcoxon rank-sum test (see p. 172 and ﬁg. 3 inMishmar
et al. [2003] for further details). They concluded that there
were gene-speciﬁc differences in Ka/Ks ratios and that
these differences reﬂected climatic adaptation.
The role of climatic adaptation in human evolution—
and its possible effects on the mitochondrial genome—
is an important issue, and we investigated it in the fol-
lowing way. We used our “conservative counts” data for
each of the protein-encoding genes (table 1) and further
stratiﬁed them into African/tropical, European/temper-
ate, and Asian–Native American/arctic climate groups.
We then used Fisher’s exact test to determine if the A/S
ratios signiﬁcantly differed for each gene and for each of
the pairwise comparisons of major “climate” groups.
The results of the A/S ratio analyses for the African/
tropic–European/temperate comparison are shown in ta-
ble 2. It was found that only two genes, ND1 and CYb,
showed a statistically signiﬁcant difference between these
two climate groups. For comparison, Mishmar et al.
(2003) reported signiﬁcant differences in the Ka/Ks
ratios of the ND2, CO1, CO2, AT6, ND4,constant
ND5, ND6, and CYb genes (see their ﬁg. 3). When
ratios were used, they reported signiﬁcantKa/Ks Ka
differences in the ND1, ND2, CO1, CO2, AT6, AT8,
ND5, ND6, and CYb genes (the ratio for the ND4 gene
appears to be of borderline statistical signiﬁcance; see
their table 2). It is difﬁcult to believe that their tests,
which involve fewer sequences, are more sensitive than
ours, so an explanation for the disparate results is not
at hand, although it is a concern that the numbers of
substitutions for many of the genes are relatively small.
One potential concern is that our set of European
coding-region sequences was predominantly composed
of haplogroup H sequences (226 of 435). Although this
proportion is representative of the population, the results
obtained might largely reﬂect evolution in haplogroup H
rather than in all of the European mtDNA haplogroups.
Therefore, we reran the European-African analyses with
a smaller set of sequences in which only 50 randomly
chosen haplogroup H mtDNAs were included (thereby
better “balancing” the number of sequences per haplo-
group). Under these conditions, signiﬁcant differences
were obtained for the CO3 and CYb genes (data not
shown). Using the smaller set of haplogroup H mtDNAs
decreases the CO3 P value (from .063 to .023), whereas
that for the ND1 gene increases (from .040 to .072).
The results for the African/tropical versus Asian–Na-
tive American/arctic comparisons are also shown in table
2. With our sequences, we found signiﬁcant differences
in the AT6, ND4, ND5, ND6, and CYb genes. For com-
parison, Mishmar et al. (2003) found differences in the
ND1, ND2, ND5, ND6, CO1, CO3, AT6, and CYb
genes through analysis of the ratiosKa/Ks constant
(their ﬁg. 3). With the ratio approach, sig-Ka/Ks Ka
niﬁcant differences were reported for the ND1, ND3,
ND5, ND6, CO1, CO3, AT6, AT8, and CYb genes
(table 2 of Mishmar et al. [2003]). For one gene and
one comparison—the AT6 gene for the African/Asian–
Native American comparison—Mishmar et al. (2003)
used an approach similar to ours, and the results of both
approaches agree (see their ﬁg. 3). Finally, we performed
a European/temperate versus Asian/arctic comparison
and found signiﬁcant differences in A/S ratios for the
CO2 and CO3 genes.
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Our results, therefore, do not agree with those ofMish-
mar et al. (2003), although we do obtain a number of
signiﬁcant differences between continental sequence sets.
The most striking results pertain to the AT6 gene. For
both the Asian and European sequence sets, but not for
the African sequences, the number of nonsynonymous
substitutions is greater than the number of synonymous
ones. Again, these results suggest that this gene has been
subject to balancing or positive selection, at least in the
Asian and European mtDNA gene pools. Furthermore,
these results show why analysis of the total or combined
sequence sets (table 1) yielded an NI value 11.0. A value
!1.0 would be expected for positive selection, but the
relatively larger numbers of substitutions contributed by
the African sequences obscure the disparate trend in the
European and Asian sequences. Although highly sugges-
tive, it is not yet clear if these continental (or climatologi-
cal) differences reﬂect “real” biological effects, or if we
are still working with an insufﬁcient number of sequences.
Discussion
We have applied a number of tests of selection, both
gene by gene and whole genome, to the coding regions
of 560 human mtDNAs that encompass all three major
ethnic groups (African, Asian, and European). Evidence
for selection was found in some tests but not in others.
Furthermore, it is often difﬁcult to “isolate” the effects
of selection from other processes, such as recent popu-
lation expansions or bottlenecks. Nevertheless, the pre-
ponderance of evidence indicates that negative selection
operated on the coding region of the human mitochon-
drial genome during evolution. Selection appears to have
inﬂuenced the pattern of sequence divergence for most,
and perhaps all, of the 13 protein-encoding genes, al-
though there is evidence that some genes have beenmore
vulnerable to the effects of selection than others (table
1) (see also Rand and Kann [1996] and Hasegawa et al.
[1998]). These conclusions are supported by other recent
analyses, such as those of Moilanen andMajamaa (2003)
and Moilanen et al. (2003). At the same time, evolution
is a hugely complicated process, and we caution against
drawing conclusions at this time that are ﬁrm or simple.
For example, we have interpreted the results of A/S analy-
ses as indicating the operation of negative selection, but
a relaxation of selective constraints is also possible. Simi-
larly, the excess nonsynonymous substitutions in the AT6
gene may reﬂect either positive selection or the relaxation
of negative selection in European and Asian populations.
When the PLATO sliding-window whole-genome
method was used in our analysis, there was no evidence
for the action of selection when large spans of the coding
region were analyzed. We used the most sensitive of the
whole-genome methods that were employed by Ballard
(2000a, 2000b) in his analysis of selection in Drosophila,
but theDrosophilamtDNAs are clearlymuchmorehighly
diverged than are humanmtDNAs. In contrast,Moilanen
et al. (2003) have recently performed a ﬁner-grained slid-
ing-window analysis. They found that the departure from
neutrality increases as one slides the window through the
coding region; for example, the F* value is more negative
in the region of nts 13000–16000 than it is in the region
of nts 1000–3000 (see their ﬁg. 3). Furthermore, they
found that there was a region of the ND5 gene that
showed less diversity in the European haplogroup JT
sequences. Our sliding-window analyses were coarser
grained, and we were focused on detecting selection in
large regions of the mtDNA.
The most striking results were obtained from our phy-
logenetically stratiﬁed contingency analyses of synony-
mous and nonsynonymous substitutions. There was a
highly signiﬁcant “loss” of nonsynonymous substitutions
among relatively old site changes, results that suggest the
operation of negative selection. These results thus agree
with and extend previous single-gene tests for the opera-
tion of selection (see also Moilanen and Majamaa [2003]
and Moilanen et al. [2003]). Those previous studies in-
volved comparisons of intraspeciﬁc and interspeciﬁc
mtDNA variation, whereas we relied strictly on analysis
of intraspeciﬁc sequence changes.We avoided interspecies
analyses here because there are long-standing concerns
about possible anomalies caused by the use of nonhuman
primate mtDNA as an outgroup sequence in phylogenetic
analyses of human mtDNA sequences (see especially the
broader discussion in Gerber et al. [2001] on the limi-
tations of the MacDonald Kreitman test). Weiss and von
Haeseler (2003) have recently analyzed completemtDNA
sequences for humans, chimpanzees, bonobos, gorillas,
and orangutans; they found that sequence evolution has
not been homogeneous within primates. It is the availa-
bility of large mtDNA sequence sets that allows the in-
traspecies analyses to be performed, but we raise the con-
cern that the sequence sets may still not be large enough.
It should also be noted that, whereas the results here
indicate that a substantial proportion of nonsynonymous
substitutions are mildly deleterious, it is also likely that
some sites have evolved under conditions either of neu-
trality or of positive selection (see especially Yang and
Swanson [2002]). Further analysis with methods that in-
volve site partitioning will be necessary for ﬁner-grained
analyses. The application of such methods to primate
mtDNA sequences indicates that there is a small pro-
portion of sites that have evolved under positive selection
(Yang et al. 2000). Those methods should be very useful
for determining which sites in the AT6 gene have been
subject to positive selection and which to negative se-
lection. Furthermore, we have not addressed the pos-
sibility that synonymous substitutions in the human
mtDNA have been subject to selection, although the
available evidence suggests that there is little codon-us-
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age bias in mammalian nuclear genes (see the discussion
in Zeng et al. [1998]). Finally, the present analyses have
been limited to the mtDNA coding region, and the rap-
idly diverging control region has not been investigated
here. It is widely assumed that selection has not inﬂu-
enced the evolution of the control region. However, nega-
tive selection has been offered as one explanation for
the disparity between pedigree and phylogenetic (or popu-
lation) rates of mtDNA-sequence divergence in both the
coding and control regions (see the discussion in Howell
et al. [2003] and references therein).
We were not able to reproduce the results of Mishmar
et al. (2003), which does not in itself mean that their
conclusion is wrong with regard to the role of climatic
adaptation as a major force during human mtDNA evo-
lution. However, there are a number of potential limita-
tions to their study. (1) The Nei-Gojobori method for
estimation of Ks/Ka ratios, which is based on a pairwise
comparison of sequences, will overweight some sites. (2)
Their assumptions about climate are simplistic. For ex-
ample, European populations (and their mtDNA se-
quences) have evolved under conditions of marked cli-
matic change (Torroni et al. 2001a). (3) They are unable
to separate the effects of climate from other effects, in-
cluding time of evolution. Thus, the results presented
here indicate that selection has had a relatively greater
impact on the evolutionarily “older” African mtDNAs,
which is in accord with the “Out of Africa” model. In
addition, Moilanen et al. (2003) have used the same
methodology as have Mishmar et al. (2003) on a larger
sequence set, and they showed that there were signiﬁcant
differences in Ka/Ks ratios when European superhaplo-
groups were compared. That is, there were signiﬁcant
differences within a single, large “climate group,” which
is a result not in accord with those of Mishmar et al.
(2003). If all of these issues are taken into consideration,
the approach of Mishmar et al. (2003) may not be an
appropriate methodology with which to study climatic
adaptation, and the development of alternative methods
appears essential if we are to address this important
issue.
Selection, one may say with some conﬁdence, has
shaped the evolution of the human mitochondrial ge-
nome. This miniscule piece of genetic information has
already been a key part of the study of human evolution
and population dispersal, and it seems likely to continue
playing an important role as we tease out the role of
selection.
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